

  Systematic Evaluation of Different Infrastructure Systems for Tsunami Defense in Sendai City




Systematic Evaluation of Different Infrastructure Systems for Tsunami Defense in Sendai City







Geosciences 2018, 8(5), 173; doi:10.3390/geosciences8050173




Article



Systematic Evaluation of Different Infrastructure Systems for Tsunami Defense in Sendai City



Kwanchai Pakoksung *, Anawat Suppasri and Fumihiko Imamura





International Research Institute of Disaster Science, Tohoku University, 468-1 Aramaki-Aza, Aoba-ku, Sendai 980-0845, Japan









*



Correspondence: pakoksung@irides.tohoku.ac.jp; Tel.: +81-22-752-2090







Received: 5 February 2018 / Accepted: 8 May 2018 / Published: 10 May 2018



Abstract:



The aim of this study is to assess the performances of different infrastructures as structural tsunami countermeasures in Sendai City, based on the lessons from the 11 March 2011, Great East Japan Tsunami, which is an example of a worst-case scenario. The tsunami source model Ver. 1.2 proposed by Tohoku University uses 10 subfaults, determined based on the tsunami height and the run-up heights measured for all tsunami affected areas. The TUNAMI-N2 model is used to simulate 24 cases of tsunami defense in Sendai City based on a combination of 5 scenarios of structural measures, namely, a seawall (existing and new seawall), a greenbelt, an elevated road and a highway. The results of a 2D tsunami numerical analysis show a significant difference in the tsunami inundations in the areas protected by several combinations of structures. The elevated road provides the highest performance of the single schemes, whereas the highest performance of the 2-layer schemes is the combination of an existing seawall and an elevated road. For the 3-layer scenarios, the highest performance is achieved by the grouping of an existing seawall, a new seawall, and an elevated road. The combination of an existing seawall, a new seawall, a greenbelt and an elevated road is the highest performing 4-layer scenario. The Sendai City plan, with a 5-layer scenario, reduces the tsunami inundation area by 20 sq. km with existing structural conditions. We found that the combination of an existing seawall, a greenbelt, an elevated road and a highway (a 4-layer scheme) is the optimum case to protect the city against a tsunami similar to the 2011 Great East Japan Tsunami. The proposed approach can be a guideline for future tsunami protection and the evaluation of countermeasure schemes.
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1. Introduction


A magnitude 9.0 earthquake generated a huge tsunami in the Tohoku region of Japan on 11 March 2011, affecting human lives and causing economic losses. The affected area was recorded as approximately 561 sq. km and covered 3 prefectures (Iwate, Miyagi, and Fukushima) along the Pacific coast of Japan [1,2]. The maximum recorded tsunami run-up height was approximately 40 m located in Iwate Prefecture [3]. The fatality number reported by the National Police Agency was approximately 15,866 people, with approximately 2946 people missing [4]. The number of buildings and houses that collapsed or were washed away was approximately 130,411 [5,6]. The economic losses associated with the disaster were approximately 25 trillion yen, which was 30% of the national income of Japan in 2011 [7]. After the event occurred, approximately 82,000 people lost their houses [8]. Then, the recovery efforts of the central and local government began, including the conceptual planning of the reconstruction of infrastructures including dike renovation, transportation, land-use zoning and urban relocation.



Tsunami modeling is an important aspect prior to protection planning and includes using models such as the Cornell Multi-grid Coupled Tsunami Model (COMCOT), the Method of Splitting Tsunami (MOST) and Tohoku University’s Numerical Analysis Model for Investigation of Near-field Tsunami, No.2 (TUNAMI-N2), which are based on the non-linear shallow water equation. The COMCOT, developed by Liu et al. (1998) uses the leap-frog finite difference method on a staggered mesh scheme [9,10]. Titov and Gonzalez (1997) developed the MOST model, which splits a 2D system into 1D systems for the early prediction of a tsunami [11]. The TUNAMI-N2 model, developed by Imamura (1995) [12] to model the tsunami process, has been widely utilized in a number of research and assessments though the TIME (Tsunami Inundation Modeling Exchange) project. In previous research, several studies on tsunami modeling were performed. For example, the Arabian Sea tsunami, generated by the 1945 Makran earthquake, has been simulated by the TUNAMI-N2 model [13], based on several historical earthquake hypotheses [14]. The vulnerability of the Car Nicobar coast to tsunami hazards has also driven the use of TUNAMI-N2. A study was performed on the 2004 Indian Ocean tsunami to understand the effects of wave run-up in the Koodankulam region of the Tamil Nadu Coast using TUNAMI-N2. The 2004 tsunami was simulated using 28 scenarios with a run-up wave range between 1.30–3.54 m [15]. In addition, the fragility curve of the 2004 tsunami in Thailand was estimated by using numerical modeling and satellite remote sensing. The tsunami modeling of the fragility curve provided by the TUNAMI-N2 model demonstrated reasonable accuracy [16]. The TUNAMI-N2 model has been applied to the 2011 Tohoku-oki tsunami to understand inundation characteristics and sedimentation processes [17,18]. The results show that the flood depth ranges between 2.4–6.0 m and the flow velocity ranges between 3.4–6.2 m/s; furthermore, the sand layer is distributed on land approximately 2.8 km from the coastline. For the early warning system, the TUNAMI-N2 was modified using parallel programming to reduce the computation time such that the computation time for this model in this study is 75 times faster than real time [19].



The perfect early warning system with a non-structural scheme is difficult to obtain and to use as a tsunami protection method. Combinations of hard and soft structures perform better than single schemes [20]. The concept of multi-layered safety has been proposed in the distributed reconstruction in the Tohoku area after the 11 March 2011 tsunami [21,22]. It was realized that there was a need for multiple layers of safety to ensure the protection of coastal residents. Research in the field of disaster risk management usually focuses on the perceived shared benefits of coastal structures that can increase the safety of people against coastal hazards [21,23]. Coastal structures are categorized as offshore and onshore structures. Offshore structures include breakwaters, jetties and groins, whereas onshore structures include seawalls, dikes and roads. However, there have been few studies that define and measure the performance of coastal structures in tsunami protection. The performance of a breakwater in reducing tsunami inundation was measured in [24]. The study suggests that a breakwater cannot reduce the flood inundation; however, the arrival time of a tsunami wave is delayed by a breakwater, based on the 2011 tsunami event in Japan. For inland structures, the protection efficiency of a multi-layered structure was evaluated for the 2004 Indian tsunami in Sri Lanka [25]. The multi-layered structure (revetment seawall and railway embankment) demonstrated a potential to reduce damage by approximately 30% compared with existing conditions.



Sendai City was one of the impact areas of the 2011 Great Tsunami, and the prefecture and local governments have a plan to develop multilayered infrastructure systems to protect the city from future tsunamis under the limitations and uncertain conditions of funding [26,27]. This idea was developed after the existing highway located approximately 4–5 km from the sea helped to protect the city from the 2011 tsunami by chance. The conceptual plan is a combination of existing and new infrastructure systems such as seawall reconstruction, land use zoning, and construction of new roads. As shown in Figure 1a, the plan is to reduce the tsunami flood depth to less than 2 m in the newly planned residential area [28]. The reconstruction plan of Sendai City, as presented in Figure 1b, uses a combination of several features such as seawalls, forests, parks, new elevated roads and existing highways to reduce the disaster losses. The planned view of the multi-structural system of Sendai City is based on a 7.2 m seawall reconstruction (originally approximately 6.0 m) and a 6.0 m elevated road. As of 2017, the seawall reconstruction has already been completed, while the elevated road is still under construction. The protection efficiency of the elevated road and seawall in this plan was evaluated for the 2011 tsunami scenario [2]. The study reveals that the 2011 tsunami would flow over the top of a 7.2 m seawall and 6.0 m elevated road.


Figure 1. Actual plans to develop Sendai City tsunami disaster protection in the future: (a) Conceptual plan to develop Sendai City for protection against tsunamis, presented as a profile; (b) Location of Sendai City and the line of tsunami prevention facilities.
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For Sendai City, the reconstructed and new structures have already been evaluated for the 2011 tsunami scenario as previously mentioned, but the study considers only the reconstructed seawall and the new elevated road, without the greenbelt and economic approach. Currently, few studies have been performed on investigating and determining the explicit benefits of multi-layered coastal structures, which would involve a comprehensive economic estimate of their disaster prevention value. To address this gap, this study aims to assess the tsunami prevention of a multi-infrastructure system, with an economic approach to selecting the optimum combination of structures.



The objective of this study is to understand the tsunami behavior on different terrains to obtain new insights on the damage for the previously mentioned multi-infrastructure system. The tsunami modeling of the Sendai Plain was reestablished and studied using a numerical mathematical model called TUNAMI-N2. The model applies the shallow water theory using an initial water level and seafloor deformation estimated using fault parameters. The numerical model results were then calibrated with the field measurements. The tsunami hazard maps for each component of the infrastructure system for protecting against tsunamis were analyzed with respect to the tsunami impacts on the Sendai City coastal area of the Sendai Plain generated by the 2011 Tohoku earthquake. The findings of this paper present the significance of infrastructure system management for protecting against future tsunami disasters. The evaluation of these plans is generally academic research to raise awareness of loss reduction for future disasters and has application in other areas.



The paper is organized as follows. Section 2 presents the detailed study method, including tsunami modeling. The results and discussion are given in Section 3, with consideration to the tsunami inundation map and evaluation of the optimum scenario. Section 4 presents conclusions.




2. Methods


This section presents a tsunami model that is used to evaluate countermeasure tsunami defense scenarios composed of multiple levels of infrastructure. It consists of four subsections: (i) the numerical tsunami simulation, (ii) the tsunami source model, (iii) the calibration and validation of the tsunami model, and (iv) a tsunami simulation of the multi-infrastructure scenario.



2.1. Numerical Tsunami Simulation


To obtain the tsunami inundations for different infrastructure-system conditions, a numerical tsunami simulation was conducted with the TUNAMI-N2 model [12]. The simulation was run on a computational domain using a nesting grid system, from large areas to small areas, along the coastline of Sendai City. The TUNAMI-N2 model was first developed at Tohoku University to model tsunami propagation and inundation on land and operates using the nonlinear theory of the shallow water equation, which is solved using a leap-frog staggered-grid finite difference scheme. The nonlinear shallow water equation is shown by Equations (1)–(3), wherein the finite difference method is applied to run the nonlinear equation with the bottom friction represented by Manning’s roughness coefficient.
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(1)
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(2)
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(3)




where [image: ] is the water level, [image: ] and [image: ] are the fluxes of water in the [image: ] and [image: ] directions, [image: ] is the total depth, [image: ] is gravitational acceleration, and [image: ] is Manning’s roughness coefficient. The preparation process was performed for the bathymetry data for the tsunami propagation and inundation simulations. The tsunami model was run on five computational domains as shown the nested grid system in Figure 2a; the data were provided by Geospatial Information Authority of Japan (GSI). The projection of collected data is based on the Cartesian coordinates from the Japanese Geodetic Datum 2000 and the Tokyo Peil (T.P.) datum for the horizontal and vertical references, respectively. The fixed ratio of the two domains is one-third (see Figure 2b). In the smallest domain, the inundations were calculated for the proposed protective structure, which was inserted into the bathymetry by using GIS techniques, as presented in Figure 2c. The GIS task was done by the Quantum GIS (QGIS) software on Conversion tool and Raster calculator tool. The Conversion tool used to convert the vector format (hypothesis structure line) to the rater format as same as the format of bathymetry data. The combination between hypothesis structure in rater format and existing bathymetry is done by the Rater calculator tool. Note that the simulation without a greenbelt area is run with a constant Manning coefficient of 0.025.


Figure 2. Bathymetry data to compute tsunami propagation and inundation. (a) The largest modeling domain with a 1215 m grid size. The black boxes represent the grid for smaller domains; (b) The ratios of different grid sizes; (c) The method of inserting the hypothesized infrastructure into the existing mesh.
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2.2. Tsunami Source Model


An important variable for simulating tsunami propagation and inundation is the initial seafloor deformation that is computed from the fault modeling of the tsunami source model. Because of the complexity and uncertainty of the fault rupture processes, this study estimated the initial water level based on a rectangular fault model and assumed that the change in the sea surface is the same as the seafloor deformation. The rectangular faults are assumed to have a fast movement toward the sea surface that is only a vertical displacement [29]. The fault parameter of the 2011 Great Pacific Coast Japanese earthquake is based on the Tohoku University model [30]. The Tohoku fault model (V. 1.2) establishes 10 subfaults. Figure 3 presents the initial water level distribution generated by the Tohoku University model based on the Okada formula [29] where the maximum water level or uplift is about +14.3 m T.P., while −4.7 m T.P. is the minimum water level or subsidence. The T.P. datum is the Tokyo Peil datum referenced by the sea water level in Tokyo bay [1].


Figure 3. Initial sea floor deformation from the tsunami source based on the Tohoku University Model V. 1.2.
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2.3. Calibration and Validation of Tsunami Model


The tsunami inundation and flow depth collected from the survey data taken from the GNSS (Global Navigation Satellite System) measurements after the 2011 Great Pacific Coast Japan Tsunami were collected by TTJS (The 2011 Tohoku Earthquake Tsunami Joint Survey) Group [31]. The tsunami run-up was further determined using a numerical model since insufficient field measurement data were collected. The numerical tsunami model was calibrated using a performance parameter, such as the geometric mean [image: ] or geometric standard deviation [image: ] proposed by Aida [32], to reproduce the tsunami inundation and flow depth data. The [image: ] and [image: ] values were chosen for the calibration of tsunami run-up heights. The [image: ] value was derived from the mean of the [image: ] and [image: ] values, which refers to the deviations or variances from the proportion of observed and computed data. The Japan Society of Civil Engineering (JSCE) recommends values of [image: ] and [image: ] for the model results to achieve “good agreement” when evaluating the tsunami source and propagation models [33]. According to the [image: ] and [image: ] values mentioned above, the simulation requires further calibration methods to find a “good agreement” model because the proposed model was based on field measurement data from all along the Tohoku coast while this study focuses only on Sendai City. The parameters [image: ] and [image: ] are determined as shown below:
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(4)
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(5)
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(6)




where [image: ] and [image: ] are the observed and simulated data, respectively, at point [image: ].



The calibration method, as recommended in this study, is meant to improve the initial water level using the mean ratio bias correction method. The corrected data were first adjusted by finding the mean ratio between the recorded and computed data [34,35,36], as shown in Equation (7).
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(7)




where [image: ] is the mean of the observed data, [image: ] is the mean of the simulated data, [image: ] is the corrected data, and [image: ] is the simulated data. The ratio value is calculated using the cross validation method [37], as shown in Figure 4. The advantage of this technique is that the bias value is removed from the mean, whereas its disadvantage is failing to correct the time series data.


Figure 4. Method for calibrating the initial water level based on the mean ratio algorithm.
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2.4. Tsunami Simulation of the Multi-Infrastructure Scenario


Determining the impact of multiple structures on preventing tsunami-related disasters is the target of this study. The structural system shown in Figure 1 as part of the Sendai City plan has five components: an existing seawall, a reconstructed seawall, a greenbelt area (park and coastal forest), an elevated road, and an existing highway. The greenbelt area was assumed to include grass areas (n = 0.030) in parks and pine trees (n = 0.160) in coastal forests [38]. Based on the components of the existing and reconstructed structures, the scenario of the simulation is divided into six schemes: (1) no-structure, (2) single structure, (3) 2 components, (4) 3 components, (5) 4 components and (6) 5 components. The no-structure condition is used to model the actual terrain without any tsunami protection structures. For the single-structure condition, one preventative structure is selected and input into the numerical tsunami model using the structure-insertion method previously described in Figure 2c. Using the condition of an inundation depth of less than two meters behind the road, an elevated road was suggested for the protection of Sendai City against tsunamis [2]. This condition can be used to reveal the performance of each preventative structure. The scenario of 2 components of preventative structures is used to reveal the performances of a combination of structures, such as the case of a seawall and a highway, as mentioned by the existing case in the calibration dataset. In the time line of development, the new and renovated preventative structures are contracted as 3-, 4-, and 5-component scenarios. The scenario of 5 components of preventative structures is the fullest extent of Sendai City’s ability to protect against tsunamis in the future. This scheme has 2 options in which the tsunami wave either can or cannot overflow the elevated road. These schemes are used to evaluate transportation safety during tsunami occurrences in the future. To understand the effects of the different protective structures during the progress of a tsunami wave, 24 sets of bathymetry (as shown in Table 1) were established and applied in the inundation simulation. The results of the 24 cases are presented according to the inundation depth to reveal their performance in protecting against tsunamis.


Table 1. Scenarios for the simulation of the tsunami impact and the corresponding multi-condition protective structures.





	
Scenario

	
Case

	
Description






	
0 layer

	
01

	
Non-structure




	
1 layer

	
02

	
Existing seawall




	
03

	
Greenbelt




	
04

	
Elevated road




	
05

	
Existing highway




	
2 layers

	
06

	
Existing seawall + New seawall




	
07

	
Existing seawall + Greenbelt




	
08

	
Existing seawall + Elevated road




	
09

	
Existing seawall + Existing highway




	
10

	
Greenbelt + Elevated road




	
11

	
Greenbelt + Existing highway elevation




	
12

	
Elevated road + Existing highway




	
3 layers

	
13

	
Existing seawall + New seawall + Greenbelt




	
14

	
Existing seawall + New seawall + Elevated road




	
15

	
Existing seawall + New seawall + Existing highway




	
16

	
Existing seawall + Greenbelt + Elevated road




	
17

	
Existing seawall + Elevated road + Existing highway




	
18

	
Greenbelt + Elevated road + Existing highway




	
4 layers

	
19

	
Existing seawall + New seawall + Greenbelt + Elevated road




	
20

	
Existing seawall + New seawall + Greenbelt + Existing highway




	
21

	
Existing seawall + New seawall + Elevated road + Existing highway




	
22

	
Existing seawall + Greenbelt + Elevated road + Existing highway




	
5 layers

	
23

	
Existing seawall + New seawall + Greenbelt + Elevated road (overflow) + Existing highway




	
24

	
Existing seawall + New seawall + Greenbelt + Elevated road (no-overflow) + Existing highway












3. Results and Discussion


The performances of multilayered structures for tsunami mitigation in Sendai City were investigated by comparing the results of different geometries, with and without preventative structures. The TUNAMI-N2, a numerical tsunami model, uses a tsunami source model based on Tohoku University’s fault model (V. 1.2) of the 2011 Great Tsunami. The numerical model is calibrated with bias correction of the mean ratio algorithm. The simulation results with the corrected initial water level is evaluated by the [image: ] (kappa) coefficient. In addition to the actual structures, their heights are represented in the terrain data, and the hypothetical structures were recommended by the plan to protect Sendai City against tsunamis. The existing and planned structures with the highest crests were evaluated in order to investigate the effects of the overtopping of the structures on the behaviors of the tsunami flows. The last case is an enclosed structure that is hypothesized to be fully protected by multiple structures to examine the effects of implementing multilayer infrastructures to protect against large tsunamis. Finally, a demand/supply curve is used to evaluate the optimum combination of structures by using the intersected region between the demand line and the supply line.



3.1. Calibration and Validation Results


The tsunami run-up height from the numerical simulation based on the Tohoku University fault model and bathymetry data with existing structures present during 2011 (Case 09) was calibrated using field measurement data, as shown in Figure 5. Figure 5a presents a comparison of the inundation extent with the inundation line provided by the Geospatial Information Authority of Japan [39]. Scatter plots of the observed and simulated data are shown in Figure 5b, wherein [image: ] is 0.874 and [image: ] is 1.359.


Figure 5. Validation of the water level resulting from the existing initial water level for the tsunami source scenarios: (a) Tsunami inundation extent achieved using the tsunami numerical model based on the Tohoku University Model V. 1.2 (Existing case); (b) Scatter plot between the observed and simulated (existing case) data at the maximum water level. The modeled results reveal that K is approximately 0.874 and k is approximately 1.359.
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In this study, the observed water level data have a mean value of approximately 4.314 m, whereas the existing runs have a mean value of approximately 4.749, indicating that the simulation results overestimated the observed data. The bias correction parameter is approximately 0.908 and was used to improve the existing initial water level. The bias parameter was multiplied with the spatial existing initial water level. The improved initial water levels have a maximum value of approximately +12.6 m and a minimum of approximately −4.1 m. Comparing the corrected data with the existing data, the maximum increases by approximately 0.6 m, while the minimum decreases by approximately 1.7 m. The modified initial water level is input into the TUNAMI-N2 model again for the inundation simulation, and the simulated results were used for the validation, as shown in Figure 6. Figure 6a shows the validation of the inundation extents with the inundation line, while the scatter plot of the observations and simulations is shown in Figure 6b using a [image: ] of 0.957 and a [image: ] of 1.339, which agree well with the mentioned form of the JSCE. The evaluation of the simulation results in a spatial scheme. For a detailed evaluation, Figure 7 shows five cross sections of the simulated terrain inundation. Sections A and E represent the outside of the protected area to the north and south of Sendai City, respectively. The other sections, Sections A, B, and C, are in the reconstruction area. The evaluations of the sections reveal that the corrected model is closer to the field measurement data than the existing model.


Figure 6. Validation of the water level resulting from the calibrated initial water level of the tsunami source scenario. (a) Tsunami inundation extent achieved with the calibrated initial water level; (b) Scatter plot between the observed and simulated data (calibrated initial water level) at the maximum water level. The modeled results reveal that K is approximately 0.957 and k is approximately 1.339.
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Figure 7. Validation of the simulation results, existing and calibrated, in a section. (a) Location of Sections A–E, presenting a comparison of the observed and simulated (existing and calibrated) results; (b) Comparison of the results of the observations and simulations in the cross section.



[image: Geosciences 08 00173 g007a][image: Geosciences 08 00173 g007b]







3.2. Inundation Results of the Tsunami Simulation for Each Scenario


The performances of the multilayered structures for tsunami protection were evaluated by the inundation area, flow depth, velocity and arrival time. The simulated results based on the 2011 Great Tsunami were derived from 24 cases of different geometric scenarios of tsunami protection. The inundation results for some cases are shown in Figure 8 as a spatial map. The number of inundation areas at each depth and the ranges of the areas are shown in Table 2 and are separated into 5 classes. These classes are based on the prevention area represented in Figure 1, and the inundation area within the prevention boundary is shown in Figure 9 with each combination scenario.


Figure 8. Some examples of the inundated regions for different sets of multiple prevention structure conditions: (a) case 01; (b) case 09; (c) case 22; and (d) case 23.
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Figure 9. Inundation area of each scenario and case for tsunami protection in Sendai City.
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Table 2. Inundation area inside the prevention area for each depth range resulting from different multi-structural conditions.





	
Scenario (Layer)

	
Case

	
Inundation Area in Each Flow Depth Range, sq. km




	
0.01–2 m

	
2–4 m

	
4–6 m

	
6–8 m

	
8–10 m






	
0

	
01

	
0.323

	
8.492

	
13.272

	
6.455

	
0.018




	
1

	
02

	
0.271

	
11.562

	
11.962

	
2.272

	
0.000




	
03

	
0.325

	
13.928

	
8.420

	
0.753

	
0.000




	
04

	
0.358

	
12.456

	
7.497

	
0.351

	
0.000




	
05

	
0.350

	
7.826

	
9.242

	
8.670

	
0.045




	
2

	
06

	
0.290

	
13.379

	
9.454

	
0.424

	
0.000




	
07

	
0.240

	
12.907

	
10.221

	
1.142

	
0.000




	
08

	
0.479

	
10.085

	
2.125

	
0.000

	
0.000




	
09

	
0.316

	
9.646

	
11.985

	
2.944

	
0.000




	
10

	
0.608

	
11.151

	
3.927

	
0.019

	
0.000




	
11

	
0.218

	
9.727

	
10.910

	
2.736

	
0.000




	
12

	
0.336

	
11.491

	
8.033

	
0.351

	
0.000




	
3

	
13

	
0.353

	
14.705

	
7.198

	
0.375

	
0.000




	
14

	
0.433

	
6.855

	
0.691

	
0.000

	
0.000




	
15

	
0.251

	
11.925

	
10.051

	
0.424

	
0.000




	
16

	
0.419

	
7.380

	
0.605

	
0.000

	
0.000




	
17

	
0.431

	
9.817

	
2.125

	
0.000

	
0.000




	
18

	
0.350

	
9.683

	
1.743

	
0.000

	
0.000




	
4

	
19

	
0.218

	
4.024

	
0.229

	
0.000

	
0.000




	
20

	
0.309

	
13.715

	
7.596

	
0.203

	
0.000




	
21

	
0.395

	
6.776

	
0.691

	
0.000

	
0.000




	
22

	
0.373

	
7.080

	
0.547

	
0.000

	
0.000




	
5

	
23

	
0.221

	
4.083

	
0.235

	
0.000

	
0.000




	
24

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000










The first scenario is a scheme of 0 layers, presenting a no-structure approach to tsunami protection, wherein the single case is termed case 01. Case 01 is the base case used to evaluate the protective structure cases. The terrain of this case is based on the existing terrain model, which originally included existing structures such as seawalls and highways, but all of the existing structures are removed using GIS techniques before modeling to reveal the actual tsunami behavior on a natural terrain, which is the same as a no-protection scheme. The results of case 01 show a total inundation area of approximately 28.56 sq. km in the prevention area, of which the inundation depth is mostly in the range of approximately 2.0–4.0 m.



The single tsunami protection scheme is the second scenario. It is based on a structural component of Sendai City, either planned or existing, and has a hypothetical structure of one of 4 cases: a seawall, a greenbelt, an elevated road, or a highway. The objective of this scheme is to reveal the performance of each component of the countermeasure structures in mitigating tsunamis, and their performances are evaluated against the nonstructural scheme. In summary, the inundation area of this scenario varies from 20.0–27.0 sq. km with an average of approximately 24.0 sq. km.



The 7 simulated cases of 2-layer schemes resulted in several sets of data that are explained below. The inundation area of the 2-layer schemes varies from 12.0–25.0 sq. km with a range of approximately 12.5 sq. km. The average inundation area of this scenario is approximately 20.74 sq. km. The maximum value is for case 09, while case 08 has the minimum value. The 3-layer schemes to protect against tsunamis include combining the proposed structures into 6 cases. To summarize this scheme, the inundation area varies from 7.5–23.0 sq. km with a mean of approximately 14.3 sq. km. The 4-component structural combination schemes are divided into 4 cases for their evaluations as tsunami protection. To summarize this scheme, the inundation area varies from 5.0–22.0 sq.km with a mean of approximately 10.54 sq. km.



The two conditions of the 5-component structural combinations are categorized as with and without overflow of the elevated road and represent the full development of Sendai City’s protection against future large tsunamis. The overflow case shows a 24.02 sq. km reduction in the tsunami inundation area. The tsunami does not overflow the elevated road; however, the tsunami wave overflows the elevated road by an average depth of approximately 0.30–1.0 m. The output shows the inundation resulting from the no-overflow case, which reduces the inundation area by 28.56 sq. km relative to that of the nonstructural scheme.




3.3. Performances of Several Combinations of Multilayered Structures


Other results show a significant difference in the inundation of the protected areas for several combinations of structures. The reduced inundation areas were calculated by computing the difference between case 01 and other cases. The performance of each case shown in Figure 10 are based on the reduction of the inundation area compared with the nonstructural case (case 01). Case 04 (with the elevated road) is the highest performing single-structure scheme, while the highest performing 2-layer scheme is case 08 (existing seawall and elevated road). For the 3-layer scenarios, the highest performing case is case 14, which combined the existing seawall, a new seawall, and an elevated road. Case 19 is the combination of the existing seawall, a new seawall, a greenbelt, and an elevated road and has the best performance of the 4-layer scenarios.


Figure 10. Evaluating the performances of each case for the protection against tsunamis in Sendai City.
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3.4. Performances of the Existing and Reconstructed Structural Measures against the 2011 Tsunami


The existing structural system in Sendai City includes 2 structures, the seawall and the highway, as in case 09 of this study. However, after the 2011 Great Tsunami occurred, Sendai City identified a plan to protect against large tsunamis in the future, which is presented in Figure 1 as case 23 in this study. To show the performance of the Sendai City plan, several cases were compared, showing that case 23 result in a reduction of the tsunami inundation area over the existing structural conditions (case 09), which is equivalent to approximately 20.35 sq. km. In the Sendai City plan, hills in the park in the greenbelt region are used as safety areas when facing tsunamis; thus, the result of case 23 can be used to recommend the hill height. The hill’s height is recommended to be higher than 6.0 m in the northern area of the greenbelt, while in the southern area, the height is recommended to be higher than 8.0 m.




3.5. Construction Cost Perspectives of the Multilayered Countermeasures


The construction costs for the 3 structures (the seawall, greenbelt, and road) are the costs for reconstructing and introducing new components to protect against future tsunami disasters in Sendai City. The construction costs are based on the established materials needed for Sendai City to construct the elevated road, which assumes either a unit length or a unit area. The construction cost of the elevated road is a base cost required to estimate the construction costs of the other structures, such as the highway and seawall. The elevated road cost is approximately 1.92 billion yen for a length of 10.2 km [28]. The construction material is assumed to have 2 components: the cost of building up the earth and road and the manpower cost, which is assumed to account for approximately 75% of the material cost. The assumptions used to estimate the construction cost above is used for the other structures, such as the seawall and the highway. Table 3 shows the cost of the 3 structures in which the unit cost is based on the material cost of the elevated road. The cost of each structure is used to calculate the construction cost for each protection case. Figure 11 shows the construction cost in each case within the scenario groupings.


Figure 11. Construction costs for each case of tsunami protection in Sendai City.
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Table 3. The construction cost of three structures to protect Sendai City from a tsunami.





	
Structure

	
Unit Cost

	
Quantity

	
Cost (Billion yen)






	
Elevated road

	
0.19

	
billion yen/km

	
10.20

	
km

	
1.92




	
New seawall

	
0.14

	
billion yen/km

	
1.65

	
km

	
1.65




	
Greenbelt

	
1.00

	
million yen/hectare

	
486.00

	
hectare

	
0.49










The economic value of the Tohoku region can be obtained from the Research and Statistics Department Minister’s Secretariat Ministry of Economy, Trade and Industry (METI), Japan. The total economic cost is approximately 57,267 billion yen for the total area of approximately 66,890 sq. km for the Tohoku area [40]. Given that, the economic unit area cost is approximately 0.856 billion yen per sq. km, a value that can be used to estimate the benefit of protection. Figure 12 presents the benefit/cost analysis (BCA) for each method of protecting Sendai City. The construction cost is estimated using the unit cost and the quantity of units. The benefit can be estimated by the reduction of the inundation area (protected area) plus the economic unit area cost. The BCA index can be estimated by the cost of the protected area divided by the construction cost. The trend of the BCA index for tsunami protection is increased when the number of protected lines (scenarios) increases. Thus, the layers of protection have an effect on the tsunami behavior that is reflected in the BCA.


Figure 12. Benefit/cost analysis (BCA) index for each case of tsunami protection in Sendai City.
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3.6. Performance of Multilayered Structures from an Economic Construction Cost Perspective


Several cases used to protect against tsunamis have provided 2 different results: those of the tsunami inundation area (damaged area) on the demand side and those of the protected area (reduction area from the nonstructural case) on the supply side. Figure 13 shows the relationship between the tsunami inundation area and the construction costs. The relationship trend decreases when the damage area increases, leading to a smaller construction cost. The relationship between the protected area and the construction cost is shown in Figure 14. The trend increases when the protected area and the construction costs increase. The optimum point is the recommended balance between the damaged and benefited areas for the optimization of the protections against tsunamis in Sendai City.


Figure 13. Relationship between the tsunami inundation area and construction costs.



[image: Geosciences 08 00173 g013]





Figure 14. Relationship between the protected area (benefit area) and construction costs.
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Based on the results mentioned above, the performance of large numbers of components, such as in the 5-layer scenarios, have higher efficiencies than those of other numbers of layers, on average. However, certain cases, such as the 5-layer case 23 and the 4-layer case 19, have the same performance in protecting against tsunamis, and several cases have the same results. The optimum point to consider is an important key to identifying the best scenario for tsunami prevention. To determine the best multilayer scenario, finding the equilibrium point between demand and supply in an economic sense is required. The equilibrium point can be determined by using the cost and quantity domain, and the point can be presented as the intersection point between the demand and supply curves [41,42,43]. For this study, the demand side is the damage-cost curve, while the supply is the protection-cost curve. Figure 15 shows the interaction between the damage costs and the protection costs, showing the optimization of the investment with respect to potential damage. The equilibrium value is approximately 5–6 billion yen for construction costs. Of the 24 cases considered, 2 cases are in the equilibrium zone: the 4-layer scenarios of case 21 (existing seawall + new seawall + elevated road + highway) and case 22 (existing seawall + greenbelt + elevated road + highway). A comparison of both cases based on the performance of the protected area in Figure 10 and the BCA presented in Figure 12 indicates that the optimum case is case 22. Thus, the results of case 22 of the 4-layer scenario reveal that the inclusion of the greenbelt has a better performance in protecting against tsunamis in Sendai City, reflecting this structure’s performance in the single-layer scenarios mentioned above.


Figure 15. Relationship between the protected area (benefit area) and the damaged area, used to identify the optimum point of the multilayer countermeasures for preventing tsunami damage in Sendai City.
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4. Conclusions


The present study investigated the performance of structural countermeasures of Sendai City in the face of the tsunami on 11 March 2011, and assessed the performance of multilayer structural countermeasures for future tsunami mitigation. The tsunami source model was calculated using the 10 subfaults based on the Tohoku University fault parameters (V. 1.2). The 10-subfault model was evaluated with the recorded water levels collected by the TTJS group, using the mean ratio bias correction to calibrate the initial water level. The TUNAMI-N2 model resulted in several inundation datasets from 24 cases based on 5 scenarios of structural combination: no structure, a seawall, a greenbelt, an elevated road or a highway.



The results of the tsunami modeling demonstrate significant differences in tsunami inundations when evaluating several combinations of structures. The elevated road (case 04) provides the highest performance of the single schemes, whereas the highest performance of the 2-layer schemes is the combination of an existing seawall and an elevated road (case 09). For the 3-layer scenario, the highest performance is case 14, which is the grouping of an existing seawall, a new seawall, and an elevated road. The combination of an existing seawall, a new seawall, a greenbelt and an elevated road (case 19) is the highest performing 4-layer scenario. The 5-layer scenario reduces the tsunami inundation area by 20 sq. km via existing structural conditions. Finally, a demand/supply curve was applied to determine the optimum combination of structures that can protect Sendai City against tsunamis. The best solution indicates that the combination of the existing seawall, a greenbelt, an elevated road and a highway (case 22) in the 4-layer scenario would provide optimal protection to the city from tsunamis similar to the 2011 Great Tsunami.



The results of this study are limited by the inundation values estimated from the TUNAMI-N2 model. To study the tsunami, there are several required variables, such as the traveling time of the tsunami wave, its duration and peak, and the ranges of the inundation depths. For cost estimations, the construction cost was estimated by the unit cost to demonstrate the performance of the prevention structures, but these structures have several other costs in real applications. In future work, the arrival time, duration and peak times can be used to identify the performance of the prevention structures in the face of tsunami disasters. Finally, the results of this study can be used to evaluate tsunami protection and mitigation schemes with a countermeasure methodology.
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